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FOREWORD 


In  order  to  meet  the  need  for  a  National  Radar  Reflectivity 
Range,  Rome  Air  Development  Center  (RADC)  awarded  a  development 
contract  on  29  June  1962  to  General  Dynamics /Fort  Worth  (GD/FW) 
to  design,  fabricate,  and  develop  the  Radar  Target  Scatter  Site 
(Project  RAT  SCAT)  on  the  Alkali  Flats,  Holloman  AFB,  New  Mexico, 
(Contract  AF30(602)-2831) .  The  operational  RAT  SCAT  Site  was  de¬ 
livered  to  the  Air  Force  on  30  June  1964. 

The  RAT  SCAT  facility  was  developed  for  full-scale  radar 
cross  section  measurements.  In  the  pursuit  of  this  development, 
an  R&D  Program  was  undertaken  to  provide  for  the  specific  needs 
of  Project  RAT  SCAT  as  requirements  appeared  in  the  implementa¬ 
tion  of  the  function  of  the  Site.  A  significant  portion  of  this 
work  was  subcontracted.  Emphasis  was  placed  on  those  areas  thought 
to  be  most  promising  in  achieving  measurement  objectives.  The 
presentation  of  the  results  of  the  R&D  Program  is  covered  in  eight 
reports  which  were  prepared  as  RADC  Technical  Documentary  Reports . 

This  report  (General  Dynamics/Fort  Worth  Report  No.  FZE-222- 
7)  is  No.  7  in  the  series.  It  contains  a  discussion  of  the  theo¬ 
retical  investigations  and  test  programs  which  were  designed  for 
the  purpose  of  studying  the  measuring  fields  as  a  function  of 
range  geometry  and  measurement  accuracies  at  the  RAT  SCAT  cross 
section  measurement  facility.  The  material  in  this  report  was 
prepared  by  C.  C.  Freeny,  T.  R.  Leeth,  J.  W.  Jones,  and  M.  F.  Brust 
of  General  Dynamics /Fort  Worth. 

The  contents  of  this  report  and  the  abstract  are  unclassified. 
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ABSTRACT 


The  contents  of  this  report  relate  the  test  programs  and  re¬ 
sults  therefrom  of  the  RAT  SCAT  research  and  development  program 
instigated  to  investigate  the  measuring  fields  as  a  function  of 
range  geometry,  and  measurement  accuracies,  of  the  RAT  SCAT  cross 
section  measurement  facility.  Investigations  under  the  program 
being  reported  were  limited  to  monostatic  cross  section  measure¬ 
ments  using  the  principle  polarizations,  horizontal  and  vertical, 
and  frequencies  in  the  range  1  to  10  gigacycles. 

A  model  for  the  field  over  the  target  region  involving  anten¬ 
na  height,  antenna  size,  target  height,  frequency  and  distance  to 
the  target  is  presented  along  with  appropriate  measured  data. 

These  models  are  in  most  cases  standard  first  order  approximations 
used  in  estimating  fields  on  a  ground  plane  range. 

Major  potential  errors  are  classified  into  four  categories 
for  which  investigations  were  conducted.  In  most  cases  theoreti¬ 
cal  error  models  were  developed  in  terms  of  parameters  which  could 
be  obtained  from  experiments  conducted  at  the  RAT  SCAT  Site.  The 
test  programs  and  results  therefrom  are  presented  for  each  of  the 
four  types  of  errors  investigated  as  well  as  the  ground  plane 
model . 

Based  on  results  obtained  using  measured  data,  conclusions 
and  recommendations  arising  from  the  various  areas  of  investiga¬ 
tions  are  given. 

This  is  report  No.  7  of  the  RAT  SCAT  research  and  development 
program. 
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SECTION  1 


INTRODUCTION 


The  RAT  SCAT  cross  section  measurements  facility  utilizes 
the  ground  plane  in  producing  RF  fields  for  purposes  of  measur¬ 
ing  target  radar  cross  section.  The  investigations  behind  the 
work  reported  in  this  document  were  instigated  to  evaluate  the 
nature  of  the  fields  in  the  target  region  and  investigate  errors 
to  be  expected  by  use  of  these  fields.  In  addition,  measurement 
errors  from  other  sources  such  as  target  supports,  calibration, 
and  extraneous  illumination  were  studied  in  the  program  being 
reported.  Because  the  fields  produced  over  the  target  region 
are  closely  related  to  a  potential  measurement  error  (referred 
to  as  near  field  error  in  this  document) ,  the  measuring  fields 
to  be  expected  at  the  RAT  SCAT  Site  are  reported  in  the  section 
devoted  to  near  field  error. 

The  primary  objectives  of  the  measurement  error  program  are 
summarized  in  the  following  statements; 

1.  Determine  the  significant  sources  cf  error  that  are 
present  when  cross  section  measurements  are  made  at 
the  RAT  SCAT  Site 

2.  Obtain  theoretical  models  and/or  experimental  data 
with  which  to  ascertain  the  relative  importance  of 
these  error  sources  and  estimate  the  magnitude  of 
said  errors 

The  program  was  limited  to  investigations  in  the  frequency 
range  of  1  to  10  gigacycles  and  was  concerned  with  errors  in¬ 
volved  in  monostatic  cross  sections  using  the  principle  polari¬ 
zations  (horizontal  and  vertical)  Results  cf  investigations 
concerning  circular  polarization  and  bistatic  measurements  are 
reported  in  separate  reports. 

Objective  1  was  approached  with  the  aid  of  theoretical  con¬ 
siderations.  Objective  2  was  approached  with  the  aid  of  theo¬ 
retical  models  and  information  concerning  ground  plane  ranges 
available  from  the  literature  and  background  information  gath¬ 
ered  through  the  operation  of  the  GD/FW  cross  section  facility; 
a  ground  plane  range.  Experiments  were  devised  and  conducted 
at  the  RAT  SCAT  Site  to  ascertain  the  validity  of  the  models. 
Individual  experiments  were  designed  with  the  ruling  criteria 
that  cney  tend  to  isolate  the  effect  of  a  single  error  source 
such  that  its  importance  could  be  determined  from  measurements . 
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Preliminary  investigations  indicated  that  the  significant 
sources  of  error  inherent  in  the  radar  cross  section  measurement 
system  can  be  grouped  into  the  following  categories: 

1.  Near  field  errors  -  All  those  errors  produced  because 
of  the  finite  length  of  the  radar  range.  In  general 
these  errors  can  be  attributed  to  the  nonuniformity  of 
the  field  that  illuminates  the  target.  Both  phase  and 
amplitude  nonuniformities  have  been  considered  in  the 
investigation  of  this  error  source. 

2 .  Background  errors  -  All  those  errors  produced  by  the 
presence  of  background  return  at  the  receiver  antenna. 

Here  background  return  denotes  the  energy  that  is  back- 
scattered  by  things  other  than  the  target.  This  return 
has  been  treated  as  a  random  quantity  having  an  ampli¬ 
tude  and  a  phase.  For  the  investigation  of  this  error 
source  statistical  techniques  were  employed. 

3.  Extraneous  illumination  errors  -  All  those  errors  pro¬ 
duced  by  the  presence  of  extraneous  target  return  at  the 
receiver  antenna.  Here  extraneous  target  return  denotes 
the  energy  that  is  backscattered  by  the  target;  but, 
ideally,  should  not  have  been.  This  phenomenon  can  be 
the  result  of  target  re illumination  by  energy  that  was 
originally  scattered  into  the  pit  or  onto  the  rotator 
table  or  it  can  be  the  result  of  energy  that  is  reflected 
directly  to  the  receiving  antenna  but  ideally  should  have 
been  lost.  Under  normal  operating  conditions  target  re¬ 
illumination  is  the  major  contributor  to  the  error  source^. 
Hence,  this  aspect  of  the  problem  received  the  major 
portion  of  the  effort  spent  on  extraneous  illumination. 

4.  Calibration  and  instrumentation  errors  -  Calibration  er¬ 
rors  can  be  defined  as  all  chose  errors  due  to  discrep¬ 
ancies  in  the  absolute  reference  level  for  any  specific 
measurement  and  all  those  errors  due  to  discrepancies 

in  the  relative  reference  level  for  any  particular  ser¬ 
ies  of  measurements .  This  error  source  tends  to  be  due 
largely  to  systematic  errors  or  those  that  can  be  elimi¬ 
nated  if  enough  precision  in  the  measurement  technique 
is  employed.  There  is  a  certain  amount  of  inherent  er¬ 
ror  involved,  of  course,  and  this  has  been  treated  by 
the  use  of  statistical  techniques.  Instrumentation  er¬ 
rors  can  be  defined  as  all  those  errors  due  to  receiver 
or  incoherent  noise,  to  system  nonlinearity,  and  to 
drift  in  equipment  parameters.  Instrumentation  errors 
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tend  to  be  inherent;  however,  at  the  RAT  SCAT  Site  they 
do  not  appear  to  be  particularly  important  sources  of 
error.  Effort  expended  in  the  investigation  of  these 
error  sources  has  been  directed  primarily  toward  the 
determination  of  the  upper  bounds  of  these  errors. 

In  the  detailed  consideration  of  each  of  the  above  mentioned 
error  sources,  a  general  discussion  and  description  of  the  model 
or  theoretical  description  of  the  source  is  first  presented.  The 
experiment(s)  designed  to  isolate  the  source  and  to  determine  the 
validity  of  the  model  are  next  outlined.  Results  of  the  experi¬ 
ments  are  then  presented  and  discussed.  When  appropriate,  recom¬ 
mendations  are  made  and  conclusions  are  drawn  on  the  basis  of 
the  results  obtained. 
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SECTION  2 


NEAR  FIELD  ERROR  INVESTIGATION 


General 

The  radar  cross  section  or  backscatter ing  cross  section  of 
a  target  is  conventionally  defined  as  the  area  intercepting  that 
amount  of  power  which,  when  scattered  isotropically,  produces  an 
echo  equal  to  that  observed  from  the  target.  Symbolically  this 
definition  can  be  written  as  in  Equation  1. 

or  =  lim  ?  ....  ,  (1) 

R .-oc  S^ 


where 

R  =  range  from  transmitter  to  target 


gi-  ==  incident  Poynting  vector 

gs  =  back-scattered  Poynting  vector. 

Hence,  the  radar  cross  section  of  a  target  is  an  abstraction;  a 
quantity  that  cannot  be  exactly  measured  because  of  the  physical 
restriction  of  a  finite  measurement  range.  It  is  the  effect  of 
this  restriction  in  which  interest  lies.  In  particular  the  ef¬ 
fect  of  the  finite  length  ground  plane  range  utilized  at  the  RAT 
SCAT  Site  is  the  subject  of  the  near  field  error  investigation. 

A  theoretical  description  of  the  near  field  error  is  pre¬ 
sented  along  with  a  description  of  the  experiments  devised  and 
carried  out  to  verify  the  theoretical  models.  On  the  basis  of 
these  efforts  a  prediction  of  errors  attributed  to  finite  R  ap¬ 
pears  feasible  for  a  large  class  of  targets. 

Theoretical  Models 


Ground  Plane  Model 


Geometry  tends  to  play  an  important  role  in  any  theoretical 
description  of  the  errors  produced  by  a  finite  ground  plane  range, 
as  illustrated  in  Figure  1,  where  the  vertical  plane  is  of 


Preceding  page  blank 
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Fig.  1  GROUND  PLANE  RANGE  GEOMETRY  FOR  THE  VERTICAL  PLANE 


interest.  The  electric  field  intensity  in  the  region  of  the 
target  can  be  considered  to  be  the  result  of  a  direct  and  a  re- 
I  fleeted  wave  if  any  ground  wave  is  ignored.  Neglection  of  the 

ground  wave  contribution  is  justifiable  because  of  the  frequency 
range,  finite  conductivity,  and  range  lengths  involved  in  this 
report.  The  electric  field  is  described  mathematically  by  Equa¬ 
tion  2. 


E 


where 


Er  +  Ed  = 


i.  +  P  ' 


(2) 


P  =  magnitude  of  ground  plane  reflection  coefficient 
^  =  argument  of  ground  plane  reflection  coefficient 


kAR  =  phase  of  reflected  field  with  respect  to  direct 
field. 


Here  the  assumption  has  been  made  that  the  transmit  antenna  can 
be  considered  a  point  source  (i.e.,  the  antenna  acts  as  an  iso¬ 
tropic  radiator  over  the  region  of  interest;  hence,  the  antenna 
pattern  functions  that  normally  appear  in  Equation  2  have  been 
replaced  by  unity.  If  the  additional  assumption  is  made  that 
the  complex  reflection  coefficient  is  -1,  then  by  writing  Ri 
and  Rq  in  terms  of  R,  hg  and  ht,  it  can  be  shown  that  the  ampli¬ 
tude  and  argument  of  the  complex  field  pattern  are  closely  ap¬ 
proximated  by  the  expressions  in  Equations  3  and  4,  respective¬ 
ly  (Reference  1) . 


E/Eo 


o  ..  /khahtx 
2  sin  ( — - — ) 


(3) 


#  ^  k  [R  +  (h2  +  h^)(l/2R)]  -  I  ,  (A) 


where 

R  ■  horizontal  distance  between  target  and  antenna 
hg  »  antenna  height,  ht  “  target  height 
k  =  2  ”’/X 

X  ■  wavelength  . 
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For  the  grazing  angles  and  frequencies  considered,  and  surface 
conditions  of  the  RAT  SCAT  ground  plane,  the  assumption  of  a  -1 
reflection  coefficient  appears  appropriate  (Reference  1) . 

Vertical  Plane  Near  Field  Error 


The  amplitude  field  patterns  given  by  Equation  3,  along  with 
the  assumptions  that  (1)  the  transmit  antenna  and  the  receive  an¬ 
tenna  occupy  the  same  spatial  positions  and  their  radiation  pat¬ 
terns  are  identical  and  (2)  the  cross  section  of  the  target  is 
proportional  to  the  square  of  its  vertical  dimension,  are  used  to 
derive  an  expression  for  near  field  error  due  to  vertical  field 
nonuniformity.  The  .rror  expression  so  derived  is  given  in  Equa¬ 
tion  5.  To  arrive  at  Equation  5  the  target  center  is  assumed  to 
be  located  at  the  peak  of  the  first  lobe  of  the  amplitude  pat¬ 
tern  as  in  Figure  1,  and  the  amplitude  pattern  is  used  to  weight 
the  return  from  each  vertical  segment  of  the  target.  This  weight¬ 
ing  process  is  carried  out  over  half  the  target  and  the  result 
doubled,  because  the  weighting  function  is  even.  In  order  to 
correspond  to  the  measurements  from  a  calibrated  system,  it  is 
necessary  to  normalize  the  weighting  function  to  the  illumina¬ 
tion  level  at  target  center. 


IV/2 

I 


o 


(5) 


where 
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2/  2^ 
cos  — 

Ur 


^ay)»  (Normalized  to  field  at  center  of 
first  lobe) 


o-jjj  -  measured  cross  section 

o't  "  target  cross  section  (for  uniform  illumination) 

Dy  “  target  dimension  in  vertical  direction. 

When  the  operations  indicated  in  Equation  5  are  carried  out,  and 
error  is  expressed  in  db.  Equation  6  follows. 


20 


logic  1^(1  + 


sin  2’r/Ky 


)], 


(6) 
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T 


T 


where 


-  R  A  /hgD^. 

This  then  is  a  theoretical  expression  for  the  near  field  er¬ 
ror  for  a  target  whose  single  characteristic  dimension  is  oriented 
vertically.  The  expression  for  Enfy  is  plotted  versus  the  gener¬ 
alized  parameter  in  Figure  2.  It  is  based  upon  the  fundamental 
assumption  that  the  error  is  due  primarily  to  the  nonuniformity 
of  the  illumination  amplitude  and  consequently  that  the  error  due 
to  illumination  phase  nonuniformity  can  be  ignored.  Justifica¬ 
tion  for  this  assumption  is  based  on  field  probe  data  and  a  good 
agreement  between  Equation  6  and  experimental  data. 

Horizontal  Plane  Near  Field  Error 


The  geometric  relationship  used  to  derive  a  theoretical  er¬ 
ror  function  for  the  horizontal  plane  is  illustrated  in  Figure  3. 
For  this  case  the  assumption  of  a  point  source  implies  that  the 
phase  front  is  spherical;  hence,  the  situation  is  reduced  to  the 
conventional  near  field  degradation  for  a  free  space  environment 
(Reference  2).  That  is,  the  major  contributor  to  the  near  field 
error  is  the  nonuniformity  of  the  phase  of  the  illumination  rather 
than  the  nonuniformity  of  the  amplitude  of  the  illumination.  For 
a  target  whose  characteristic  dimension  is  oriented  in  the  hori¬ 
zontal  plane  (see  Figure  3)  a  near  field  error  expression  can  be 
derived  in  the  following  manner. 


Relative  to  target  center  the  two-way  phase  distribution 
across  the  target  can  be  approximated  by  an  examination  of  Fig¬ 
ure  3.  This  relationship  is  given  in  Equation  7, 

2  (X)  =  2k  A  R  (X)  =  kX^/R,  (7) 


where  X  denotes  horizontal  displacement  relative  to  target  center. 
On  the  basis  of  Equation  7,  and  the  assumption  that  phase  curva¬ 
ture  is  the  primary  error  source,  Equation  7,  similar  to  Equation 
5,  can  be  written  for  the  horizontal  plane  near  field  error. 


2_ 

dh 


DH/2 

/ 


o 


2 


exp(-i  kx2/R)  dX 


(8) 


where 

=  horizontal  target  dimension. 
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The  assumptions  concerning  reciprocity  and  the  nature  of  the 
target  are  necessary  in  this  case  just  as  they  were  in  the  verti¬ 
cal  plane  case.  The  relationship  in  Equation  8  can  be  reduced 
to  the  form  given  in  Equation  9  where  the  error  is  expressed  in 


db. 


^"fh 


=  10  logiQ 


J, 

kR 


c2  (1/  vT„)  +  (1/  yi^)] 


where 


Kr 

C(1/  /%) 
S(l/  /Kh) 


AR/Dr 

real  part  of  the  Fresnel  integral 
imaginary  part  of  the  Fresnel  integral, 


(9) 


Shown  in  Figure  A  is  a  plot  of  Enfj^  in  db  as  given  by  Equa¬ 
tion  9  versus  the  generalized  parameter  Kr.  This  then  is  a  theo 
retical  model  for  the  near  field  error  for  a  one -dimensional 
"target"  that  has  been  oriented  horizontally.  It  is  based  upon 
the  fundamental  assumption  that  this  error  is  due  primarily  to 
the  nonuniformity  of  phase. 


Two  Dimensional  Near  Field  Error 


The  one- dimensional  models  discussed  above  avoid  the  general 
case  where  the  error  is  due  to  the  nonuniformity  of  both  the  amp¬ 
litude  and  the  phase  of  the  target  illumination.  This  general 
case  would  be  accounted  for  by  the  two-dimensional  model  repre¬ 
sented  by  Equation  10. 


1 


/ 


1 

r  2  '  ' 

J  A^(Dh,Dv) 

o 


-i2Vi(Djj,D,^,)  ,  , 

dDy 


(10) 


where 

Dv) 

Dr  •  2x/Dh 


amplitude  distribution 
phase  distribution 

normalized  horizontal  target  dimension 
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PREDICTED  HORIZONTAL  PLANE  NEAR  FIELD  ERROR 


=  2y/D^  =  normalized  vertical  target  dimension 

X  =  horizontal  displacement  about  target  center 

y  ®  vertical  displacement  about  target  center. 

Here,  as  in  the  one  dimensional  models,  the  target  center  is  as¬ 
sumed  to  be  located  at  the  peak  of  a  symmetrical  amplitude  pat¬ 
tern.  Also,  the  cross  section  of  the  target  for  uniform  illumi¬ 
nation  is  assumed  to  be  proportional  to  the  square  of  the  target 
area. 


In  the  most  general  case  the  r.b "'o  ;i:  .'  Jl-uCions  would  take  into 
account  any  lack  of  complete  reciprocity  as  well  as  the  geometri¬ 
cal  configuration  of  the  target.  Unfortunately  Equation  10  is 
in  general  not  integrable  even  if  the  expression  for  the  distri¬ 
butions  can  be  written.  It  will,  however,  be  shown  later  with 
the  aid  of  results  from  several  experiments  that  the  one  dimen¬ 
sional  models  are  appropriate.  They  provide,  in  fact,  reasonable 
approximations  of  the  near  field  errors  actually  encountered  for 
the  type  of  targets  used  in  constructing  the  models .  Under  these 
conditions  Equation  10  can  be  separated  into  a  product  of  two 
Independent  error  terms  and  hence,  be  used  to  estimate  near  field 
error  for  targets  with  two  characteristic  dimensions. 

Test  Program 


Amplitude  Probes 

Because  of  the  numerous  assumptions  involved  in  arriving  at 
the  various  theoretical  models,  experimental  evidence  was  neces¬ 
sary  to  provide  adequate  support  for  the  theory.  Most  of  the 
assumptions  used  in  the  model  formulations  directly  influenced 
and/or  used  properties  of  the  fields  at  the  target.  The  theo¬ 
retical  amplitude  patterns  can  be  easily  checked  by  probing  the 
field  in  the  vicinity  of  the  proposed  target  location  with  an 
appropriate  transducer  or  by  probing  the  two-way  field  in  the 
region  of  interest  with  a  sphere.  For  such  measurements  the  only 
strong  requirement  is  that  the  probing  device  not  seriously  per¬ 
turb  the  field.  Determination  of  the  one-way  vertical  plane  pat¬ 
terns  of  either  the  transmit  or  the  receive  antenna  amplitude 
require  the  use  of  a  transducer.  Because  the  horizontal  plane 
amplitude  patterns  are  known  to  closely  approximate  free  space 
patterns,  a  two-way  sphere  probe  was  employed  in  the  horizontal 
plane.  For  such  probes  a  sphere  of  sufficiently  large  cross  sec¬ 
tion  to  eliminate  noise  problems  was  used. 
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Phase  Probes 


Phase  probes  were  obtained  by  measuring  the  return  from  ar¬ 
rays  of  spheres  for  which  the  geometrical  relationships  between 
the  spheres  and  the  radar  antennas  were  known. 

Vertical  Phase  Probe 


The  relationship  given  by  Equation  4  provides  a  starting 
point  for  an  experiment  to  measure  the  vertical  plane  phase  front. 
This  is  the  equation  of  an  isophase  contour  and  it  can  be  shown 
that  the  expression  describes  an  ellipse.  For  purposes  of  com¬ 
paring  experiment  with  theory  it  is  convenient  to  fix  the  param¬ 
eters  range  (R)  and  reference  target  height  (ho)  in  Equation  4. 

It  is  then  possible  to  derive  the  theoretical  phase  variation 
along  a  line  that  passes  through  the  reference  point  and  is  per¬ 
pendicular  to  the  ground  plane.  If  ho  represents  the  fixed  posi¬ 
tion  of  one  sphere  and  hg  is  the  vertical  displacement  of  a 
second  sphere  with  respect  to  the  first,  then  Equation  4,  neglect¬ 
ing  the  approximate  sign,  can  be  rewritten  as  in  Equation  11. 

#(ho+hs)  =  ^(ho)  +  §(hs)  ,  (11) 

where 

i  (!>„)  =  k(R  +  -2_L°_)  .  -/2  . 

2R 

Thus  the  desired  phase  variation  is  given  by  Equation  12. 

2 

#(hs)  “  k/R  (hoh,  +  ’’^^2)  •  (12) 

This  is  the  predicted  phase  variation  along  a  line  that 
passes  through  (h^,  R)  and  is  per pen  lieu lar  to  the  ground  plane. 
Figure  5  provides  a  description  of  the  geometry  involved  in  this 
analysis.  From  Figure  5  it  can  be  seen  that  if  the  phase  front 
of  the  incident  energy  formed  a  plane  perpendicular  to  the  earth, 
there  would  be  no  variation  in  the  measured  cross  section  of  the 
two-member  array  if  one  sphere  was  displaced  with  respect  to  the 
other  along  their  common  center  lin*^.  However,  due  to  the  ellip¬ 
tical  curvature  of  the  incident  phase  front,  there  will  be  a 
variation  in  the  measured  cross  secti  n  as  one  sphere  is  displaced. 
If  this  cross  section  variation  is  measured,  the  curvature  of 
the  phase  front  may  then  be  computed.  Equation  13  is  an  expres¬ 
sion  for  the  phase  in  terms  of  the  measured  cross  section  values. 
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Fig.  5  PHASE  PROBE  GEOMETRY,  VERTICAL  PLANE 
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1/2  cos 


-1 


9 


(13) 


#(hs) 


^ts  -  (^ds  ^rs) 

2  f^s  ^ 


where 

“  measured  cross  section  of  the  array 

cTjjg  =  measured  cross  section  of  displaced  sphere 

(Tj-s  =  measured  cross  section  of  reference  sphere. 

For  this  experiment  the  selection  of  sphere  sizes  depends  on 
a  trade-off  between  the  degree  of  coupling  allowed  and  the  effect 
of  the  background  error  source.  Coupling  between  spheres  can  con¬ 
veniently  be  reduced  by  the  choice  of  small  spheres  but  the  ef¬ 
fect  of  background  can  only  be  eliminated  by  the  choice  of  spheres 
that  exhibit  large  cross  sections.  Two  spheres  with  diameters 
of  3.5  inches  and  4.5  inches  were  used  for  the  phase  probe.  The 
error  due  to  field  amplitude  variation  is  eliminated  by  measuring 
the  cross  section  of  the  displaced  sphere  with  respect  to  the 
reference  sphere  at  each  of  its  positions. 

Horizontal  Phase  Probe 


A  horizontal  plane  phase  probe  can  be  accomplished  in  a 
manner  somewhat  similar  to  the  experiment  outlined  above.  In 
this  case  a  reference  sphere  was  mounted  on  a  support  column  at 
the  center  of  the  rotator  table.  Another  sphere  was  mounted  at 
the  same  altitude  but  displaced  horizontally  with  respect  to  the 
first  sphere.  If  the  radar  cross  section  of  the  array  is  re¬ 
corded  as  it  is  rotated  through  3o0  degrees  of  azimuth  for  sev¬ 
eral  values  of  horizontal  displacement,  a  measure  of  the  horizon' 
tal  plane  phase  front  can  be  obtained.  Such  data  should  be  di¬ 
rectly  comparable  to  the  phase  distributi.on  predicted  by  the  re¬ 
lationship  given  in  Equation  7.  In  order  to  extract  the  desired 
phase  information  from  the  cross  section  measurements  of  the 
sphere  array,  the  geometry  of  the  experiment,  as  shown  in  Figure 
6,  was  used.  If  the  phase  front  of  the  incident  energy  formed 
a  plane  perpendicular  to  the  radar  beam,  there  would  be  no  phase 
variations  along  the  line  D  to  -D.  However,  according  to  the 
theory,  the  phase  front  of  the  incident  energy  has  a  curvature 
similar  to  that  illustrated  in  Figure  6.  As  a  sphere  is  dis¬ 
placed  along  the  line  from  Q  to  D  it  should  cross  various  iso¬ 
phase  contours.  In  terms  of  a  two-member  array,  the  measured 
cross  section  should  exhibit  nulls  whenever  the  displaced  sphere 
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Fig.  6  HORIZONTAL  PHASE  PROBE  GEOMETRY 
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crosses  one-way  ^2  contours  relative  to  the  sphere  referenced 
at  the  fixed  point  Q.  On  this  figure  one  such  null  condition 
corresponds  to  point  T.  If  the  displaced  sphere  were  repositioned 
at  a  distance  8  from  the  point  Q,  then  the  array  must  be  rotated 
through  an  angle  0  in  order  to  once  more  locate  the  displaced 
sphere  on  the  reference  one-way  contour.  Knowledge  jf  the 

value  of  the  displacements  P  and  8  allow  the  relative  phase  varia¬ 
tion  along  the  line  D  to  -D  to  be  measured.  Specifically,  this 
information  is  given  by  the  relationship  expressed  in  Equation  14. 


D  )  =  kP  =  k  8  sin  0  .  (14) 

In  this  relationship  8  denotes  the  distance  between  phase 
centers  of  the  spheres  and  D  is  the  horizontal  displacement  rela¬ 
tive  to  the  center  sphere.  Errors  due  to  extraneous  illumination, 
calibration,  and  instrumentation  should  be  negligible  using  this 
method  for  obtaining  the  horizontal  phase  probe. 

Near  Field  Error 


To  efficiently  test  the  proposed  error  models,  a  basic  ex¬ 
periment  was  designed  around  a  particular  type  of  one-dimensional 
target.  The  models  require  a  target  with  the  characteristic  that 
its  cross  section  is  proportional  to  the  square  of  its  length. 

A  convenient  target  that  possesses  the  necessary  characteristics 
is  a  right  circular  cylinder  at  broadside  aspect.  The  cross  sec¬ 
tion  of  such  a  target  for  the  frequencies  of  interest  and  for 
uniform  illumination  may  be  computed  using  Equation  15. 

o-j.  =  k  a  ,  (15) 


where 

a  «  cylinder  radius 

L  =  cylinder  length. 

Hence,  if  the  cross  sections  of  a  set  of  several  lengths  of  cyl¬ 
inders  all  of  the  same  radius  are  measured  and  compared  with  the 
above  relationship,  one  can  obtain  a  measure  of  the  ratio  of  the 
empirical  cross  section  to  the  theoretical  cross  section,  or  a 
measure  of  the  error.  If  the  cylinders  chosen  for  an  experiment 
have  a  sufficiently  high  cross  section,  the  error  being  measured 
is  essentially  the  error  due  to  near  field  effects.  On  the  other 
hand,  when  cylinders  are  chosen  that  exhibit  cross  sections  so 
low  that  the  various  noise  sources  begin  to  have  strong  influence 
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on  the  error,  the  measured  error  would  not  necessarily  be  an  in¬ 
dication  of  the  error  due  to  near  field  effects.  In  order  to  re¬ 
duce  the  contribution  of  the  noise  to  the  total  error,  the  cylin¬ 
ders  were  mounted  on  Styrofoam  support  columns  in  the  manner  shown 
in  Figures  7  and  8.  The  radar  return  from  the  support  columns 
was  minimized  before  the  target  cylinders  were  mounted.  Informa¬ 
tion  on  the  minimization  procedure  and  the  results  to  be  expected 
are  discussed  at  length  in  Section  3.  Vertically  mounted  cylinders 
provide  a  test  of  the  vertical  plane  near  field  error  model,  while 
the  horizontally  mounted  cylinder  provides  a  check  of  the  horizontal 
plane  model.  If  the  test  cylinders  are  chosed  such  that  they  have 
a  sufficiently  high  cross  section,  concern  over  whether  or  not 
broadside  aspect  is  achieved  can  be  eliminated  by  continuously 
measuring  the  radar  cross  section  of  a  particular  cylinder  as  it 
is  rotated  through  360  degrees  of  azimuth.  According  to  the  re¬ 
lationship  in  Equation  16  the  peaks  of  the  radar  cross  section 
scattering  diagram  would  represent  the  value  of  the  cylinder  cross 
section  at  broadside  (Reference  1). 


This  relationship  gives  the  cross  section  of  a  circular  cyl¬ 
inder  illuminated  by  a  plane  wave  incident  at  angle  0  to  the  geo¬ 
metrical  broadside,  and  the  right  hand  side  approaches  ka  as 
0  approaches  zero  degrees.  Also,  the  right  hand  side  is  at  its 
maximum  value  when  0  is  zero.  The  effect  of  extraneous  illumina¬ 
tion  on  the  vertical  cylinder  measurements  should  be  negligible. 
Although  this  is  not  true,  in  general,  for  a  horizontally  mounted 
cylinder,  it  will  be  shown  in  Section  4  (extraneous  illumination 
error  investigation)  that  for  a  broadside  aspect  such  error  sources 
are  relatively  insignificant.  The  effect  of  calibration  error 
can  be  minimized  by  one  of  several  approaches  as  will  be  shown  in 
Section  5;  however,  such  steps  are  usually  unnecessary  when  spheres 
whose  cross  section  is  sufficiently  greater  than  the  background 
are  used  for  calibration.  Equation  15  represents  the  asymptotic 
limit  of  a  more  general  series  expression  for  a  right  circular 
cylinder.  If  cylinders  are  chosen  such  that  the  parameter  (ka) 
is  less  than  about  8.0  this  relationship  is  no  longer  adequate 
and,  for  the  transverse  polarization  case,  the  general  expres¬ 
sions  must  be  used  to  calculate  the  theoretical  cross  section 
(Reference  3) .  This  difficulty  can  be  avoided  if  the  set  of 
cylinders  for  any  particular  frequency  of  interest  are  all  of 
the  same  diameter.  The  difference  between  the  physical  optics 
value  and  the  correct  value  will  be  the  same  for  all  cylinder 
lengths.  Hence,  the  measured  data  can  be  compared  to  the  phy¬ 
sical  optics  values  by  uniformly  shifting  the  data  to  obtain 
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agreement  in  the  no  error  region.  (Asstiming  no  background,  etc., 
errors  are  incurred  during  the  measurements.) 


Comparison  of  Experiment  and  Theory 

The  results  from  the  various  experiments  and  the  manner  in 
which  they  compare  with  the  theoretical  models  are  presented  be¬ 
low.  To  maintain  the  sequence  of  the  discussion  of  the  experi¬ 
ments,  the  amplitude  probes  will  be  discussed  first. 

Amplitude  Probes 

Figures  9  through  16  display  the  results  from  the  vertical 
amplitude  probes.  The  measured  data  are  compared  directly  to  the 
theoretical  amplitude  patterns  for  the  several  conditions  of  in¬ 
terest.  Given  in  these  figures  are  the  measured  data  for  the 
cases  of  horizontal  and  vertical  polarization  and  the  specific 
conditions  under  which  each  was  measured.  These  results  provide 
convincing  evidence  of  the  validity  of  the  theoretical  model  for 
predicting  amplitude  patterns  in  the  vertical  plane  when: 

1.  Frequency  is  in  the  range  1  to  10  gigacycles /second 

2.  Polarization  is  either  horizontal  or  vertical. 

Figure  17  displays  the  results  from  a  horizontal  amplitude 
probe.  Here  also  the  measured  data  are  compared  directly  to  the 
theoretical  amplitude  pattern  for  a  uniformly  illuminated  circular 
aperature  (Reference  2).  Measured  data  for  the  cases  of  horizontal 
and  vertical  polarization  are  shown  in  Figure  17  as  the  conditions 
under  which  the  measurements  were  made.  Agreement  between  the 
theory  and  the  experimental  result  appears  to  be  quite  good. 

Vertical  Phase  Probe 


The  vertical  plane  phase  information  obtained  from  the  meas¬ 
ured  data  with  the  aid  of  Equation  13  did  not  initially  appear  to 
agree  with  the  prediction  given  by  the  relationship  of  Equation 
12.  However,  additional  analysis  revealed  the  existence  of  the 
following  conditions: 

1.  The  data  had  not  been  measured  along  a  zero-degree  tilt 
axis  (axis  perpendicular  to  the  plane  of  the  earth)  as 
assumed,  but  instead  at  some  small,  unknown  tilt  angle 

e. 


23 


-12  iD  -8  *6 

One-Way  Fewer  Referenced  to  Max  •  db 


Fig  9  resl:  rs  from  vert:;:a:  AMPbiidDE 

FRCBE  TRANSM;:  AMENNA  3AND  U 


□  Vertical  Polarization  [' 

O  Horizontal  Polarization  -f 

-  Theoretical  i 


Probe  He  Lghf  -  Feet 


Fig  lx  RESb..TS  FROM  VERTICAL  AMP.  IT  JOE 
PRC3E  TRANSMIT  ANTENNA  2AND  3 


26 


Probe  Height  -  Feet 


be  Height  -  ^eer 


Fig  13  RESULTS  FROM  VERTICAL  AMPLITUDE 
PPCBE  TRANSMIT  ANTENNA,  BAND  6 


Feet 


Fig  i4  KESL  rS  FH'''!  ; /Lh 

RF<'E’'E  AN’ENNrt  “Ar->r  ^ 


26  -24  -22  -20  -  iS  ■  :6  -  *4 


n  8  -  5 


Cnt-Way  Fewer  Feferer.:.e^  r  Max  -  db 


Fig  13  RESLITS  FROM  VEPTICAl 

FR03E  TRAKSMT  .’  ANTF  Ksf\  A  N  n  ' 


30 


Probe  Height  -  Feet 


Fig  16  RE5u:.rs  FR  M  ver":':a!:  a>^f:!t:.o£ 
rRy'rE  RECLlVii  aNTENNA  BAND  7 


3i 


2.  The  two-member  array  had,  in  addition,  been  pitched  at 
some  unknown  angle  ijj  (see  Figure  18) 

3.  The  phase  centers  of  the  spheres  had  not  been  aligned 
the  same  at  each  value  of  hg  (see  Figure  5) 

4.  The  interaction  between  the  spheres  and  the  Styrofoam 
support  column  in  which  the  spheres  were  imbedded  was 
noticeably  a  function  of  azimuth  and  sphere  position. 

In  order  to  extract  the  desired  information  concerning  the 
phase  variation  ^(hg),  the  following  assumptions  were  made: 

1.  Along  any  tilt  axis  0,  as  presented  in  Figure  18,  the 
variation  of  ^(hg)  from  its  true  value  due  to  a  wobble 
(pitch)  component  would  be  <§(hs)  +  kA  at  an  azimuth 
angle  r  and  ^(^s)  "  kA  at  azimuth  angle  r +180  de¬ 
grees.  kA  is  a  variation  in  phase  from  ^(hg)  and  is 
proportional  to  hg  and  lA  when  i//  is  limited  to  small 
values . 

2.  Due  to  the  physical  geometry  of  the  "sphere  holder",  the 
phase  centers  of  the  spheres  had  to  be  aligned  exactly 
the  same  for  each  respective  height  hg  at  90  and  270 
degrees  azimuth. 

3.  The  interaction  between  the  spheres  and  their  support 

was  the  same  for  the  90  and  270  degrees  azimuth  positions. 

Based  on  these  assumptions,  values  of  $(hg)  may  be  computed 
by  using  the  data  obtained  at  azimuth  angles  of  90  and  270  de¬ 
grees.  The  computed  values  are  obtained  through  the  use  of  Equa¬ 
tion  17. 


#(hs)  =  1/2 


^(hg)  +  kAj  +  l§(hs)  -  kA 


(17) 


Equation  17  gives  ^(hg)  along  a  tilt  axis  of  unknown  value.  In 
order  to  compare  the  data  obtained  from  Equation  17  with  the 
theory  given  by  Equation  12,  the  latter  must  be  modified  to  in¬ 
clude  an  arbitrary  tilt  angle  9.  Knowing  that  the  tilt  angle 
in  the  experiment  was  less  than  30  minutes  and  was  toward  the 
radar  as  shown  in  Figure  18,  then  the  phase  difference  due  to 
tilt,  0,  equals  khg  sin  0,  0  -  0  -  1/2  degree.  This  shift  must 
be  referenced  to  hg  in  order  to  incorporate  it  into  Equation  12. 
With  this  accomplished  the  new  prediction  is  given  by  Equation 
18. 
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f (hs)  =  khg  (^o/r  +  hs/2R  -  sin  0)  (18) 

Figure  19  is  a  plot  of  ^(hs)  as  given  by  Equation  18  for 
tilt  angles  of  0,  10,  20,  and  30  minutes.  The  measured  data  is 
also  plotted  on  this  figure,  and  it  can  be  seen  that  there  is 
good  correlation  between  the  theory  and  measured  data  for  a  tilt 
angle  of  about  23  minutes.  This  indicates  that  the  measured 
phase  front  curvature  corresponds  closely  to  the  elliptical  curv¬ 
ature  predicted  by  the  model.  By  comparing  Figure  19  with  Figure 
27  it  can  be  seen  that  the  choice  of  neglecting  phase  variations 
in  the  development  of  the  vertical  plane  error  model  is  backed 
by  experimental  evidence. 

Figure  20  illustrates  an  arrangement  that  might  be  employed 
to  obtain  a  vertical  phase  probe  free  of  the  complication  that 
entered  into  the  measurements  discussed  above.  A  sphere  is  mounted 
on  a  Styrofoam  support  column  at  the  center  of  the  rotator.  A 
second  sphere  of  equal  cross  section  is  fixed  opposite  the  sphere 
on  the  rotator  so  that  a  90-degree  angle  is  obtained  between  the 
normal  to  the  incident  phase  front  and  a  line  joining  the  two 
spheres.  The  rotator  is  then  raised  from  an  initial  position  h^ 
to  a  final  position  hf  at  increments  of  (hi  +  Ahj)  for  the  hori¬ 
zontal  and  vertical  polarization.  This  procedure  would  be  re¬ 
peated  with  the  fixed  sphere  removed.  With  this  procedure,  the 
data  obtained  should  be  relatively  free  of  the  error  sources  men¬ 
tioned  earlier. 

Horizontal  Phase  Probe 


For  the  horizontal  plane  phase  probe  experiment,  additional 
analysis  was  also  required.  The  measured  data  indicated  that  the 
radar  cross  section  scattering  diagrams  were  not  symmetrical 
around  the  zero-degree  aspect  position.  In  order  to  obtain  an 
accurate  value  of  0  (the  azimuth  angle),  for  the  various  sphere 
displacements ,  the  patterns  were  shifted  to  achieve  the  property 
of  symmetry.  The  measured  data  appear  in  Figure  21  where  the 
theoretical  data  is  also  plotted.  The  cases  for  horizontal  and 
vertical  polarization  are  both  presented.  Again,  agreement  with 
the  theory  is  quite  good. 

Near  Field  Error  Test  Data 


Figures  22  and  23  illustrate  the  nature  of  the  measurement 
results  from  the  vertical  plane  experiment  designed  to  isolate 
the  near  field  error  due  to  amplitude  curvature  in  the  vertical 


35 


PHASE  SHIFT  f  -  Degrees 


O  Theoretical 
Measured 

A  Horizontal  Polarization 


□  Vertical  Polarization 

40  r 


30 


20  V 


10 


0 


-10 


-20 


-30 


—1. 

-2 


-1 


1 

0 


. —  -I - » . 

12  3  4 


hg  -  Feet 


Fig.  19  RESULTS  FROM  VERTICAL  PLANE  PHASE  PROBE 

36 


INCIDENT 

ENERGY 


TOP  VIEW 


AXIS  PERPENDICULAR 
TO  GROUND  PLANE 


Fig.  20  MODIFIED  VERTICAL  PLANE  PHASE  PROBE  GEOMETRY 

37 


f  -  3.226  Gc/s 
R  «  1165  Feet 
hg  “  8.7  Feet 


0  Theoretical 
Measured 

A  Vertical  Polarization 
□  Horizontal  Polarization 


SEPARATION  DISTANCE,  D  -  Feet 


Fig.  21  RESULTS  FROM  HORIZONTAL  PLANE  PHASE  PROBE 
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INDER  CROSS  SECTION,  HORIZONTAL  POLARIZATION 


plane.  Shown  here  for  both  polarization  cases  are  the  compari¬ 
sons  between  the  measured  values  of  cylinder  cross  section  and 
the  theoretical  values.  From  this  information  Figures  24  and  25 
can  be  obtained.  On  these  figures  measured  near  field  error  is 
compared  with  values  predicted  by  the  theoretical  relationship 
given  in  Equation  5.  Since  this  relationship  does  not  take  into 
account  any  effect  of  nonuniform  phase,  the  ordinate  intercept 
of  the  best- fit  line  on  these  figures  provides  a  good  indication 
of  the  extent  to  which  near  field  error  has  been  isolated.  This 
follows  from  the  fact  that  the  error  predicted  by  the  model 
should  be  less  than  the  measured  error.  In  both  horizontal  and 
vertical  polarization  the  error  due  to  sources  other  than  near 
field  effects  was,  for  this  experiment,  about  0.25  db.  Apparently 
Equation  5  provides  a  slightly  better  description  of  near  field 
error  for  the  case  of  horizontal  polarization  than  for  the  case 
of  vertical  polarization.  In  terms  of  the  actual  target  used  in 
this  test.  Figures  26  and  27  illustrate  the  effectiveness  of  the 
theoretical  relationship  when  it  is  employed  to  correct  the  near 
field  error. 

Shown  in  Figures  28  and  29  are  the  cross  section  scattering 
diagrams  for  a  horizontally  mounted  ten- foot  cylinder.  These 
provide  a  strong  indication  of  the  validity  of  the  near  field 
error  model  for  the  horizontal  plane.  That  is,  the  results  indi¬ 
cate  that  error  due  to  field  curvature  in  the  horizontal  plane 
is  very  small  in  comparison  to  the  error  due  to  field  curvature 
in  the  vertical  plane  for  the  same  length  target.  This  fact  is 
in  agreement  with  the  theoretical  error  displayed  in  graphical 
form  in  Figures  2  and  4. 

Results  of  Near  Field  Error  Investigation 

In  stunmary,  the  near  field  error  investigation  has  shown 
the  following: 

1.  The  vertical  plane  amplitude  pattern  given  by  Equation 

3  provides  a  good  first-order  approximation  for  calcu¬ 
lating  the  field  patterns  as  a  function  of  the  range 
parameters  ha,  ht,  R,  and  A  ,  at  least  in  the  frequency 
range  of  1  to  10  gigaeyeles 

2.  The  vertical  plane  phase  front  pattern  given  by  Equation 

4  appears  to  provide  a  good  approximation  for  calculating 
the  phase  distribution  across  a  target  for  the  range 
parameters  discussed  in  this  report. 
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3.  The  horizontal  amplitude  pattern  closely  approximates 
the  far  field  amplitude  expression  for  a  uniformly  illu¬ 
minated  circular  aperture. 

4.  The  horizontal  phase  variation  across  the  target  is 
closely  approximated  by  Equation  7,  the  expression  for 
a  spherically  diverging  wave. 

5.  The  vertical  plane  error  model  given  by  Equation  6  pro¬ 
vides  a  first-order  approximation  for  calculating  the 
near  field  error  for  a  target  whose  single  characteris¬ 
tic  dimension  is  oriented  in  the  vertical  plane. 

6.  The  horizontal  plane  error  model  given  in  Equation  9  pro¬ 
vides  a  first  order  approximation  for  calculating  the 
near  field  error  for  a  target  whose  single  characteris¬ 
tic  dimension  is  oriented  in  the  horizontal  plane. 

7.  In  view  of  Items  5  and  6  above,  the  general  description 
for  near  field  error  given  in  Equation  10  may  be  simpli¬ 
fied  to  obtain  the  near  field  error  incurred  in  the 
measurement  of  the  radar  cross  section  of  a  rectangular 
target  whose  cross  section  is  proportional  to  the  square 
of  its  area.  In  Equation  10  the  amplitude  and  phase 
distributions  can  be  approximated  by  the  distributions 
in  Equations  5  and  8,  respectively,  as  indicated  in 
Equation  19. 


2 

•  (19) 


Inspection  of  this  relationship  reveals  that  it  can  be  simpli¬ 
fied  further  into  the  form  given  by  Equation  20.  Here  the  total 
near  field  error  is  expressed  in  db 

Enf  "  (Enf)v  (^nf)h  >  (20) 

where 

(Ejif)  *  vertical  plane  near  field  error  as  given  by  Equa- 
''  tion  6 

(Enf)jj  *  horizontal  plane  near  field  error  as  given  by 
Equation  9. 
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Figure  30  represents  plots  of  constaiit  near  field  error  con¬ 
tours  in  the  (Kjj,  Ky)  plane.  This  curve  provides  an  upper  bound 
type  estimate  of  the  near  field  error  for  targets  distributed  more 
of  less  uniformly  in  the  horizontal  and  vertical  plane  (i.e., 
obviously  there  are  special  case  targets  such  as  three  spheres  for 
which  the  two-dimensional  distribution  is  not  uniform) .  The  use 
of  the  curves  requires  only  that  the  maximum  vertical  and  horizontal 
dimensions  of  the  normal  plane  projection  of  the  target  be  known, 
along  with  the  pertinent  range  parameters  \  ,  R,  and  hg. 
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SECTION  3 


BACKGROUND  ERROR  INVESTIGATION 


General 

During  the  process  of  radar  cross  section  measurements  the 
presence  of  noise  signals  anywhere  in  the  system  will  alter  the 
measured  data.  Since  the  presence  of  a  certain  amount  of  noise 
is  apparently  inevitable,  the  practical  approach  to  the  situation 
(once  the  noise  has  been  minimized)  is  to  try  to  establish  those 
conditions  under  which  the  errors  due  to  noise  become  serious. 

If  this  can  be  accomplished  these  conditions  can  be  either  avoided 
or  appropriately  considered;  hence,  the  concern  over  errors  due 
to  noise  is  reduced.  It  is  convenient  to  separate  the  types  of 
noise  that  occur  into  two  groups;  (1)  noise  that  originates  in 
the  propagation  path  of  the  system  and  (2)  noise  that  originates 
in  the  receiver  section  of  the  system.  Noise  signals  of  the  first 
type  must  be  carefully  defined  in  order  to  distinguish  them  from 
propagation  path  error  sources  described  in  Section  A  (Extraneous 
Illumination  Error  Investigation).  Of  interest  in  this  section 
is  the  background  noise  which  can  be  defined  as  the  radar  return 
from  the  target  support  system  as  measured  without  a  target.  The 
receiver  noise  will  be  discussed  in  Section  5  (Calibration  and 
Instrumentation  Errors). 

Theoretical  Model 

It  is  convenient  to  consider  the  amplitude  and  the  phase  of 
the  background  return  as  random  variables.  In  fact,  this  becomes 
necessary  if  any  general  error  analysis  is  to  be  undertaken. 

Here  general  error  analysis  denotes  one  applicable  to  a  signifi¬ 
cantly  large  class  of  targets,  ideally  the  class  of  all  targets. 
Thus,  the  sort  of  information  one  can  obtain  on  background  error 
will  necessarily  be  statistical  in  nature.  This  information 
should,  however,  be  sufficient  to  establish  the  conditions  under 
which  the  noise  is  of  interest. 

Neglecting  coupling  errors,  the  error  due  to  background  noise 
is  defined  in  Equation  21. 

E^  *  ^  =  1+^  +  2  cos  A0  ,  (21) 

t  t  »  t 
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where 


or  =  measured  value  of  cross  section 
m 

Jcr^  =»  target  return 

jcr-^  -  background  return 

A0  =  phase  of  with  respect  to 

Eb  is  a  random  variable  since  it  is  a  function  of  random  vari¬ 
ables.  That  is,  from  the  definition  in  Equation  21,  Eb  is  seen 
to  be  a  function  of  and  A<^.  None  of  these  are,  in  the 

general  sense,  subject  to  exact  prediction.  The  density  for  Eb 
can  theoretically  be  obtained  if  the  necessary  probability  densi¬ 
ties  involving  these  three  quantities  are  known.  Unfortunately 
the  density  of  for  the  class  of  all  targets  is  not  readily 
available.  This  difficulty  can  be  avoided,  however,  if  the  error 
density  is  to  be  found  for  a  given  target  level.  With  this  con¬ 
dition  the  following  assumptions  were  chosen  as  being  the  most 
appropriate: 

1.  b  A<^>  are  statistically  independent 

2.  A0  is  equally  likely  to  take  on  any  discernible  value, 
spcicifically ,  Ad)  is  uniformly  distributed  on  the  range 
-TT  to  radians 


3.  Empirical  background  noise  information  obtained  in  the 
absence  of  an  actual  target  can  be  used  to  generate  the 
density  of  o- b  ^  fixed  type  of  target  support. 


On  the  basis  of  these  assumptions,  it  can  be  shown  that  the  prob¬ 
ability  density  function  for  background  error  Eb  is  given  be  Equa¬ 
tion  22  (Reference  A) . 


1 

IT 


^ax 

^in 


J(K' 


dK' 


(22) 
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where 


K  =  relative  background  noise  for  fixed 

target  level 

Pj^(K')  =  probability  density  for  K 

J(K',  E^)  =  Jacobian  transform  between  the  random  variables 

K,  Ac;!)  and  K,  E^j. 

Integration  of  Equation  22  with  respect  to  E^  yields  the  cumula¬ 
tive  density  function  for  background  error  as  shown  in  Equation 
23. 


P(Ebl  ‘  K  “  /  PEb 

Ebl 


Thus,  for  a  given  target  level,  the  limits  on  the  background 
error  between  which  any  specified  percentage  of  all  possible  back¬ 
ground  errors  lie,  can  be  estimated.  Here,  then,  is  a  model  that 
permits  the  examination  of  conditions  under  which  the  errors 
caused  by  noise  become  serious. 

Test  Program 

The  nature  of  the  assumptions  used  to  arrive  at  a  model  for 
the  error  due  to  background  noise  restricts  the  extent  to  which 
the  model  can  be  tested.  However,  the  validity  of  the  model  is 
obviously  most  dependent  on  whether  or  not  the  background  noise 
density  exhibits  statistical  regularity.  To  induce  statistical 
regularity  the  type  of,  and  conditions  for,  measurement  of  the 
target  support  were  of  primary  concern  in  designing  the  test  pro¬ 
gram. 


Particularly  important  in  an  experiment  of  this  type  is  the 
degree  of  control  of  the  "fixed"  parameters  involved  (i.e.,  param¬ 
eters  which  are  normally  fixed  during  target  cross  section  meas¬ 
urement).  For  this  experiment,  background  noise  data  was  re¬ 
corded  under  the  following  conditions: 

1.  The  geometry  of  the  target  support  system  was  fixed  for 
each  frequency  of  interest  in  that  the  target  supports 
were  circular  Styrofoam  columns,  16  inches  in  diameter. 
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2.  The  state  of  the  D/x  parameter  was  fixed  for  each  fre¬ 
quency  of  interest  in  that  the  target  support  systems 
were  tuned  to  achieve  minimum  radar  return  (D  denotes 
column  diameter) . 

3.  The  relative  column  illumination  was  fixed  for  each  fre¬ 
quency  of  interest  in  that  the  peak  of  the  first  lobe 
was  placed  at  the  top  of  the  target  support  column. 

4.  The  state  of  the  target  aspect  control  system  was  fixed 
for  each  frequency  of  interest  in  that  the  perimeter  of 
the  pit  and  the  rotator  table  were  covered  with  RAM; 
also,  the  table  was  tilted  to  place  the  support  column 
at  broadside  aspect. 

5.  The  polarization  states  of  the  illuminating  field  were 
fixed  for  each  frequency  in  that  data  were  taken  only 
for  horizontal  and  vertical  polarization. 

The  degree  of  statistical  regularity  exhibited  by  the  back¬ 
ground  noise  is  largely  determined  by  the  extent  to  which  these 
conditions  are  controlled.  If  no  attempt  is  made  to  keep  such 
conditions  fixed,  then  very  large  samples  of  noise  will  be  re¬ 
quired  to  establish  the  desired  probability  density.  In  certain 
other  data,  one  of  the  above  conditions  has  been  intentionally 
varied  in  an  attempt  to  include  its  variation  in  the  overall  sta¬ 
tistics  of  the  background  noise.  That  condition  was  the  relative 
column  illumination  level.  It  is  of  interest  because  the  illumi¬ 
nation  level  of  the  support  column  cannot  be  considered  to  be 
constant  for  every  actual  measurement  of  a  target  cross  section. 

If  the  noise  densities  for  several  illumination  levels  exhibit 
the  same  characteristic  shape  then  one  could  reasonably  conclude 
that  the  primary  effect  of  varying  column  illumination  level  is 
varying  the  mean  value  of  the  density. 

A  history  of  the  background  noise  for  a  given  frequency  can 
be  conveniently  generated  by  sampling  the  background  return  as 
the  aspect  of  the  target  support  system  is  varied.  The  number  of 
samples  of  noise  that  can  be  taken  during  a  360-degree  aspect 
variation  is  limited  only  be  the  rate  capability  of  the  sampler 
employed.  For  this  experiment,  the  limit  was  ten  samples  per 
degree  of  aspect  change  and  the  data  was  digitally  recorded  on 
punched  paper  tape. 

The  gathering  of  such  samples  requires  that  background  noise 
be  as  completely  isolated  as  possible.  The  error  source  due  to 
receiver  noise  cannot  be  conveniently  removed  from  the  experiment. 


However,  as  shown  in  Section  5  (Calibration  and  Instrumentation 
Errors),  this  error  source  was  relatively  unimportant  in  compari¬ 
son  to  the  background  error. 

Test  Results 

Noise  densities  and  error  densities  were  generated  by  using 
the  samples  of  the  background  noise  obtained  in  the  manner  de¬ 
scribed  in  the  previous  section.  Noise  densities  and  means  were 
generated  from  appropriate  samples  with  the  aid  of  a  finite  dens¬ 
ity  approximation  and  the  standard  estimate  for  mean.  The  opera¬ 
tion  indicated  in  Equation  22  was  carried  out  be  approximating 
the  integral  with  a  finite  summation.  Adding  to  the  convenience 
of  such  an  approximation  is  the  fact  that  the  actual  noise  density 
is  readily  available  only  in  the  form  of  an  array  of  ordered 
pairs.  Likewise,  the  operation  on  the  right  side  of  Equation  23 
was  conveniently  approximated  by  the  use  of  finite  summation. 

Each  of  the  three  basic  steps  listed  above,  as  well  as  numerous 
other  minor  steps,  were  described  in  Fortran  IV  and  carried  out 
with  the  aid  of  an  IBM  7090  Digital  Computer. 

Shown  in  Figures  31  through  38  are  background  noise  densi¬ 
ties  in  log  space  along  with  the  appropriate  cross  section  plots 
from  which  the  densities  were  generated.  These  figures  show  the 
distributions  of  background  noise  in  db  after  shifting  to  a  posi¬ 
tion  of  zero  mean.  Shown  on  each  figure  are  the  operation  condi¬ 
tions  under  which  the  cross  section  data  was  generated.  Also 
shown  are  the  mean  levels  of  the  noise.  These  curves  were  all 
generated  under  the  system  of  experimental  control  previously  out¬ 
lined.  Figures  39  and  40  represent  noise  densities  that  were 
generated  under  the  altered  condition  mentioned  earlier.  The 
column  illumination  level,  which  was  used  to  generate  the  data 
shown  in  Figure  31,  was  allowed  to  vary.  This  variation  was  used 
in  an  effort  to  determine  the  effect  that  this  parameter  would 
impose  on  the  shape  of  the  noise  density  curve.  Also  shown  in 
Figures  39  and  40  are  the  corresponding  curves  for  the  fixed  il¬ 
lumination  level  of  Figure  31.  Figures  41  through  44  illustrate 
the  final  form  of  the  results  obtained  from  the  described  anal¬ 
ysis.  These  figures  are  descriptively  termed  percentile  error 
curves.  They  represent  the  bounds,  for  specific  conditions, 
within  which  the  background  errors  lie  (worse  case  curves)  and 
the  bounds  within  which  90  percent  of  the  errors  lie. 

To  examine  the  statistical  regularity  of  the  data  in  a  manner 
different  than  that  described  above,  the  mean  levels  of  the  back¬ 
ground  (for  fixed  column  Illumination  level)  as  a  function  of 
frequency  were  ccmtpared  with  the  theoretical  variation  derived 
in  a  separate  investigation.  In  Figure  45  values  of  the  measured 
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Fig  32  BACFGROUND  NOISE  DENSITY,  BAND  5 
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Figo  34  BACKGROUND  NOISE  DENSITY,  BAND 
HORIZONTAL  POLARIZATION 
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Figc  40  COMPARISON  OF  BACKGROUND  NOISE 
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Figo  41  NINETY -PERCENTILE  ERROR  CURVE, 
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Figo  42  NINETY-PERCENTILE  ERROR  CURVE ^ 
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COMPARISON  OF  BACKGROUND  MEANS  WITH  TUNED 
COLUMN  MODEL,  HORIZONTAL  POLARIZATION  DATA 


background  mean  of  tuned  columns  are  plotted  against  the  theoret¬ 
ical  mean  variation  as  predicted  by  studies  under  the  Cellular 
Plastic  Support  Task  of  the  ElAT  SCAT  Research  and  Development 
Program  (Reference  5).  The  model  in  Reference  5  predicts  the 
locus  of  the  local  minimums  of  the  cross  section  per  unit  length 
for  uniform  illumination  of  a  tuned  Styrofoam  column  as  a  function 
of  frequency . 


Results  of  Background  Error  Investigation 

Estimates  of  errors,  due  to  target  supports  of  the  type  de¬ 
scribed  in  this  report  using  the  model  developed, appear  justified. 
The  general  shape  of  the  background  density  was  quite  regular  even 
though  insufficient  histories  and/or  control  of  test  parameters 
apparently  caused  variations  in  the  shape  of  several  of  the  densi¬ 
ties.  Figure  46  shows  a  comparison  of  the  worst  case  and  the  95- 
percentile  case  for  each  of  the  frequencies  investigated.  The 
error  curves  here  are  plotted  against  the  actual  target  level  in¬ 
stead  of  the  relative  level  employed  previously.  An  additional 
generalization  has  also  been  applied  to  these  curves  on  the  basis 
of  the  agreement  between  the  measured  and  theoretical  mean  varia¬ 
tion  as  indicated  in  Figure  45.  Instead  of  a  comparison  strictly 
on  the  basis  of  frequency,  the  curves  can  be  taken  to  represent 
a  comparison  of  the  background  error  for  several  conditions  of 
the  parameter  D/X  where  D  is  the  diameter  of  the  Styrofoam  sup¬ 
port  column.  Thus,  an  estimate  of  the  error  due  to  background 
noise  can  be  obtained  from  this  figure  if  the  D/\  parameter  and 
the  target  level  of  interest  are  supplied.  Specifically,  if  the 
target  weight  (and  hence  the  column  diameter),  the  frequency, 
and  the  target  cross  section  level  are  known,  an  estimate  of  the 
magnitude  of  the  background  error  within  which  95  percent  of  the 
background  errors  lie  is  available. 

The  background  errors  indicated  in  Figure  46  are  representa¬ 
tive  of  the  errors  to  be  expected  for  a  nominal  Styrofoam  column 
length  of  10  feet.  The  estimate  is  somewhat  conservative  since 
the  analysis  was  carried  out  for  target  levels  down  to  and  in¬ 
cluding  the  level  of  the  peak  background  noise  rather  than  mean 
levels.  It  is  for  this  lower  limit  of  target  level  that  the 
worst  case  error  approaches  -«  ,  Figure  46  also  provides  a  con¬ 
venient  means  for  the  determination  of  realistic  specifications 
concerning  allowable  error  due  to  background  noise. 
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BACKGROUND  ERROR  LIMITS 
VERSUS  TARGET  LEVEL 


SECTION  4 


EXTRANEOUS  ILLUMINATION  ERROR  INVESTIGATION 


General 

Extraneous  illumination  can  be  defined  in  general  as  the  en¬ 
ergy  which  strikes  the  target  by  radiation  from  sources  other 
than  direct  and  ground  path  energy  from  the  transmitter  and  is 
returned  to  the  receiver.  The  major  sources  of  extraneous  illu¬ 
mination  are  indicated  in  Figure  47. 

Figure  47(a)  contains  a  sketch  of  the  extraneous  illumina¬ 
tion  which  is  due  to  energy  reflected  from  extraneous  scatters 
inside  the  range  gate  ellipse.  In  this  connection,  the  ellipse, 
the  scatterers,  and  the  reflected  energy  must  not  be  considered 
as  being  j  'lated  to  the  ground  plane  path  which  is  regarded  as 
a  part  of  the  normal  target  illuminating  path.  Figure  47(b)  con¬ 
tains  a  sketch  of  the  extraneous  illumination  caused  when  the 
target  is  excited  by  reflections  from  its  own  radiation  pattern. 

On  the  RAT  SCAT  range,  the  region  enclosed  by  the  range  gate 
ellipse  is  controlled  to  avoid  sizeable  scatterers  in  this  region. 
For  this  reason,  the  extraneous  illumination  of  this  nature  is 
assumed  to  be  negligible  in  comparison  to  that  of  the  type  repre¬ 
sented  in  Figure  47(b), 

The  extraneous  illumination  caused  by  r eradiation  from  the 
target  is  also  limited  to  regions  covered  by  the  range  gate.  For 
this  reason,  the  major  contributor  is  assuned  to  be  the  pit  area. 
In  particular,  since  the  rotator  platform  has  a  17- foot  diameter, 
the  major  contributor  was  anticipated  to  be  reflection  from  the 
rotator  platform. 


Method  For  Evaluating  Error  Due 
To  Extraneous  Illumination 

The  primary  objectives  in  connection  with  extraneous  illumi¬ 
nation  are  (1)  measure  extraneous  illumination  error  as  a  func¬ 
tion  of  polarity  and  (2)  measure  the  effective  ness  of  using  radar 
absorbent  material  (RAM)  in  the  pit.  The  mathematical  model  se¬ 
lected  to  accomplish  the  above  tasks  was  of  a  statistical  nature. 
This  type  of  model  appeared  appropriate  due  to  the  large  number 
of  indeterminate  parameters  inherent  in  the  measurement  program. 
The  particular  model  selected  utilizes  the  difference  between 
measured  and  theoretical  cross  section  values  of  a  "worst  case" 
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Fig.  47  SOURCES  OF  EXTRANEOUS  ILLUMINATION 


type  target.  In  particular,  the  dispersion  between  the  measured 
and  theoretical  cross  section  values  of  a  horizontally  mounted 
cylinder  under  various  measurement  conditions  is  used  to  develop 
an  error  measure.  In  order  to  place  a  numerical  value  on  the 
amount  of  dispersion,  the  variance  and  its  square  root,  the  stand¬ 
ard  deviation  is  computed  using  the  main  lobe,  first  side  lobe, 
second  side  lobe,  etc.  of  the  measured  data.  A  normalized  error 
function  can  then  be  defined  as  a  function  of  this  standard  devi¬ 
ation.  The  development  of  the  error  model  used  in  processing  the 
measured  data  is  developed  below. 

Let  ^i^^  equal  the  i*^^  cross  section  value  of  the  side 

lobe  of  a  cylinder  which  is  measured  using  polarization  P  and  pit 
RAM  condition  R.  Let  equal  the  j^h  side  lobe  theoretical 

value  of  the  cylinder  under  the  above  conditions  and  the  variation 
in  measured  cross  section  with  i  is  such  that  the  mean  value  is 
equal  to  the  theoretical.  The  formula  for  sample  variance  as  a 
function  of  polarity  P,  RAM  condition  R,  side  lobe  j,  and  the 
number  of  cross  section  values  N  may  then  be  written  as  Equation 
24. 


( ) 


Hence,  the  standard  deviation  is 


(  o:.’ 

Ji 


U.  is  a  significant  measure  of  extraneous  illumination 

PR 

since  the  measured  cross  section  will  be  in  the  range  a-. 

PR  ° 

+  a:Uj  ,  7  percent  of  the  time  if  the  measured  cross  section  is 

assumed  to  have  a  distribution  with  finite  variance  (e.g.,  assum¬ 
ing  a  normal  distribution  «=  2,  7=  95.5).  By  using  the  val¬ 

ue  of  U-  ^  calculated  in  Equation  25,  and  average  deviation 
—  PR  ^ 

U  for  the  main  lobe  and  first  k  consecutive  side  lobes  may  be 
defined  as 


(26) 


75 


where  M  equals  the  total  number  of  lobes  averaged  (M  =  k+1) . 

PR 

The  values  of  U-  calculated  in  Equation  25  can  also  be  used 

to  compute  a  measure  of  a  normalized  average  error  denoted  by 
PR 

Ejjj  and  defined  as 


^mL 


‘^mL 


(27) 


where  a-_T  is  the  theoretical  value  of  the  cross  section  of  the 

VClL  _pR 

main  lobe  of  the  cylinder.  An  average  error  function  E  may 
then  be  computed  by  using  Equations  26  and  27  as 
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^mL  was  used  as  the  normalizing  factor  since  the  error  in 

the  side  lobes  caused  by  extraneous  illumination  is  dependent 
on  the  energy  of  the  primary  radiator.  In  this  case  the  primary 
radiator  is  assumed  to  be  the  main  lobe  of  the  cylinder.  There- 
PR 

fore,  Ejjj  was  computed  using  the  broadside  formula  for  a  per¬ 
fectly  conducting  cylinder.  The  values  of  represent  a 

normalized  measure  of  the  average  error  caused  by  extraneous  il¬ 
lumination.  This  illumination  is  expressed  as  a  function  of 
polarity  and  RAM 

PR 

The  normalized  average  error  may  be  redefined  in  a 

form  denoted  by  Ej  ,  which  corresponds  to  a  more  standard  defi¬ 
nition  of  average  error,  as 


or 


^^mL 


(29) 
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(30) 


E*  indicates  the  amount  of  extraneous  illumination  error  in 
the  return  from  the  side  lobe  normalized  to  the  theoretical 
value  of  the  side  lobe. 
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Test  Program 


The  amount  of  extraneous  illumination  which  strikes  a  given 
target  depends  on  several  parameters-  An  important  parameter  is 
target  geometry.  This  being  the  case,  a  test  program  designed 
to  give  a  measure  of  cross  section  measurement  error,  which  re¬ 
sults  from  the  extraneous  illumination  that  strikes  an  arbitrary 
target,  is  exceedingly  difficult.  However,  a  test  program  for 
estimating  the  upper  bound  to  this  type  error  is  feasible  and 
should  yield  information  with  which  a  reasonable  estimate  of  the 
extraneous  illumination  error  associated  with  a  given  target  may 
be  made. 

RAM  is  another  of  the  important  parameters  indicated  above 
and  has  been  used  at  the  RAT  SCAT  Site  to  reduce  the  illumination 
from  the  rotator  platform.  Measurements  were  made  with  and  with¬ 
out  RAM  in  the  pit  in  order  to  estimate  the  effectiveness  of  the 
RAM. 


The  measurement  program  initially  conceived  was  planned  for 
the  measurement  of  the  radar  cross  section  of  flat  plates  at 
various  tilt  angles  and  heights  ranging  from  h^  to  h^  +  X/2  in 

X/8  steps.  The  ratio  of  the  cross  section  measured  from  the 
forward  canted  side  of  the  plate  to  that  measured  from  the  rear¬ 
ward  canted  side  of  the  plate  was  to  be  used  as  a  measure  of  the 
effects  of  extraneous  illumination.  These  tests  were  to  be  con¬ 
ducted  first  without  absorbent  material  installed  in  the  pit 
and  then  with  absorbent  material  installed  in  the  pit. 

This  original  plan  was  modified  by  replacing  the  flat  plate 
with  a  horizontally  mounted  cylinder.  The  change  was  made  for 
two  primary  reasons.  It  was  originally  assumed  that  the  more 
significant  extraneous  illumination  would  originate  from  a  meas¬ 
urable  and  defined  area  of  the  pit.  Instead,  flat  plate  meas¬ 
urements  in  Bands  5  and  7  indicated  that  the  extraneous  illumi¬ 
nation  appeared  to  be  randomly  distributed  over  the  whole  pit 
area.  Also,  the  use  of  the  flat  plates  in  the  experiment  intro¬ 
duced  more  parameters  than  had  been  expected.  The  variance  of 
these  parameters,  such  as  tilt  angle  change  with  height  setting, 
had  to  be  accounted  for  in  an  analysis  of  the  data.  Consequently, 
any  attempt  to  isolate  and  define  the  effects  due  to  extraneous 
illumination  was  suspect. 

A  AO- inch  cylinder  with  a  radius  of  8  inches  was  measured 
at  a  frequency  of  5A97.A  megacycles.  The  axis  of  the  cylinder 
was  parallel  to  the  ground  and  measurements  were  made  in  steps 
of  X/8  from  the  initial  height  to  the  initial  height  plus  A/2. 
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Also,  the  cylinder  was  displaced  horizontally  with  respect  to 
the  center  of  the  rotator  in  order  to  detect  phasing  between  the 
main  target  return  and  the  return  due  to  extraneous  illumination. 
An  RCS  pattern  was  obtained  at  each  respective  position  at  both 
horizontal  and  vertical  polarity.  With  these  measurements  six¬ 
teen  values  were  obtained  for  each  side  lobe  and  for  each  polari¬ 
zation  for  evaluation  of  Equation  24.  This  procedure  was  re¬ 
peated  under  the  three  following  RAM  conditions : 

1.  RAM  in  pit  and  on  perimeter 

2 .  RAM  in  pit  and  no  RAM  on  perimeter 

3.  No  RAM  on  perimeter  or  in  pit. 

Test  and  Program  Results 

Figures  48  through  50  contain  three  RCS  patterns  obtained 
under  the  following  three  RAM  conditions  with  the  cylinder  at 
the  same  height; 

1.  RAM  in  pit  and  on  perimeter 

2.  RAM  in  pit  and  no  RAM  on  perimeter 

3.  No  RAM  on  perimeter  or  in  pit. 

PR 

The  graphs  in  Figure  51  are  plots  of  Uq  (standard  devia- 

PR 

tion  of  main  lobe),  Ua  (standard  deviation  of  fourth  side  lobe), 
—PR 

and  U  (average  deviation  for  M  equal  to  5).  Figure  52  contains 
graphs  of  (normalized  average  error  of  main  lobe,  E4^^  (nor¬ 

malized  average  error  of  fourth  side  lobe),  and  E^^  (average  for 
M  equals  5  in  Equation  26) .  Figure  53  contains  graphs  of  average 

error  Eq  (average  error  of  main  lobe)  and  E^  (average  error 
of  fourth  side  lobe). 

Analysis  of  the  data  presented  in  the  form  of  graphs  in 
Figures  51  and  52  indicates  that  both  standard  deviation  and 
normalized  error  increase  as  RAM  is  removed  from  the  pit  area 
in  all  cases  and  that  the  greatest  increase  occurs  when  the  RAM 
is  completely  removed  from  the  rotator  table.  The  overaljL  aver¬ 
age  value  of  error  normalized  to  the  cylinder  main  lobe,  E,  for 
the  main  lobe  and  the  first  four  side  lobes  varies  from  0.055 
db  in  the  most  favorable  condition  to  0.164  db  in  the  worst  con¬ 
dition  (analysis  was  limited  to  the  main  lobe  and  first  four  side 
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Lobes  due  to  limitations  imposed  by  the  validity  of  (1)  the 
theoretical  formula  for  calculation  of  cross  section  of  a  cylin¬ 
der  and  (2)  the  data  once  the  side  lobes  were  25  db  down  from 
the  main  lobe) .  Analysis  of  Figure  53  shows  that  the  values  of 

for  the  main  lobe  are  the  same  as  the  values  of  for 

the  main  lobe,  as  expected  due  to  the  fact  that  both  Ej^  and 
are  normalized  to  o-jiiL*  Further  investigation  of  Figure 
53  yields  the  fact  that  increases  as  j  increases,  and  that 

rapidly  increases  when  RAM  is  removed  from  the  rotator. 

The  extraneous  illumination  investigation  may  be  summarized  noting 
the  following: 

1.  In  all  cases  all  errors  increase  as  RAM  is  removed  from 
the  pit,  especially  from  the  rotator 

2.  The  error  due  to  extraneous  illumination  contained  in 
the  cross  section  measurements  of  the  main  lobe  of  the 
cylinder  is  insignificant 

3.  The  error  contained  in  the  cross  section  measurements 
of  the  side  lobes  becomes  significant  as  j  increases. 

Therefore,  in  order  to  reduce  the  extraneous  illumination 
errors  which  occur,  particularly  if  the  target  side  lobe  struc¬ 
ture  is  of  interest,  in  cross  section  measurements,  RAM  should 
oe  used  on  the  rotator  platform  and  around  the  perimeter  of  the 
pit . 


SECTION  5 


CALIBRATION  AND  INSTRUMENTATION 
ERROR  INVESTIGATION 


Calibration  Error 

The  radar  return  from  a  spherical  target  provides  a  conven¬ 
ient  means  of  establishing  an  absolute  reference  level  for  the 
cross  section  measurement  system.  Theoretical  radar  cross  sec¬ 
tions  of  spherical  targets  have  been  accurately  calculated  for 
a  wide  range  of  the  parameter  (d/X)  where  d  is  sphere  diameter. 
Hence,  if  the  frequency  of  the  illumination  and  the  sphere  size 
are  known  then  the  receiver  output  (which  is  proportional  to  the 
received  power)  can  be  defined  to  be  the  theoretical  cross  sec¬ 
tion  level  of  the  sphere  and  the  system  is  said  to  be  calibrated. 
Such  a  procedure  requires  the  positioning  of  the  sphere  at  the 
point  of  interest  for  each  calibration  and  then  a  subsequent  re¬ 
moval  of  the  sphere  in  order  to  measure  the  cross  section  of  some 
target  of  interest.  To  reduce  the  time  required  per  measurement 
a  secondary  standard  in  the  form  of  a  mid-range  corner  reflector 
is  employed.  This  is  easily  accomplished  by  first  calibrating 
the  system  as  above  and  then  assigning  a  level  to  the  return 
from  the  corner  by  comparing  this  return  to  the  return  from  the 
sphere.  The  secondary  standard  does  not  have  to  be  removed 
from  the  range  for  each  measurement  because  it  can  be  lowered 
into  the  ground  null  of  the  illumination  pattern,  and,  in  addi¬ 
tion,  the  direct  return  from  the  corner  can  be  gated  out  elec¬ 
trically  . 

With  the  above  description  of  the  calibration  process  in 
mind,  various  ways  in  which  errors  can  enter  into  the  process 
are  listed  as  follows: 

1.  The  wavelength  of  the  illumination  may  not  correspond 
exactly  to  the  wavelength  used  to  determine  the  theo¬ 
retical  cross  section  of  the  sphere. 

2.  The  diameter  of  the  sphere  used  for  calibration  may  not 
correspond  exactly  to  the  diameter  used  to  determine  the 
theoretical  cross  section. 

3.  The  target  used  for  calibration  is  not  necessarily 
spherical  in  shape;  hence  its  assumed  cross  section 
may  not  correspond  to  the  actual  cross  section. 
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4.  The  calibrating  sphere  may  not  be  located  at  the  intended 
target  center  point. 

5.  The  level  of  the  secondary  standard  may  not  remain  cons¬ 
tant  during  the  time  a  series  of  measurements  are  being 
made.  Since  the  time  of  such  a  change  is,  in  general,  un¬ 
known,  all  of  the  measured  data  must  be  considered  to  be 
in  error. 

6.  The  various  error  sources  that  are  discussed  elsewhere  in 
this  report  may  be  present  to  an  appreciable  extent. 

Of  these  items,  the  first  five  are  appropriately  termed  sys¬ 
tematic  errors  in  that  they  can  be  almost  completely  eliminated  if 
enough  precision  in  the  calibration  procedure  is  attained.  The 
last  item,  on  the  other  hand,  serves  to  lump  together  most  if  not 
all  of  the  inherent  error  sources  in  the  calibration  procedure. 

In  this  report  it  has  been  shown  that  if  the  sphere  support  column 
is  properly  tuned  the  inherent  errors  become  of  concern  only  for 
those  spheres  that  exhibit  rather  low  cross  sections.  Under  these 
conditions,  the  calibration  procedure  can  become  strongly  influenced 
by  the  presence  of  background  noise.  However,  this  problem  can  be 
virtually  eliminated  as  will  be  shown. 

Test  Program  and  Results 

Figures  54  and  55  provide  an  indication  of  the  calibration 
errors  to  be  expected  for  both  polarization  cases  when  the  degree 
of  precision  used  in  the  calibration  procedure  is  as  it  has  been 
in  the  past  at  the  RAT  SCAT  facility.  These  figures  were  arrived 
at  by  taking  all  the  sphere  cross  section  measurements  from  the 
RAT  SCAT  Qualification  Tests  and  operating  on  them  with  statisti¬ 
cal  techniques.  The  total  range  of  the  measured  data  in  dbsm  was 
divided  into  5.0  db  increments  and  each  succeeding  increment  over¬ 
lapped  the  last  2.5  db.  All  of  the  measured  data  within  each  in¬ 
crement  were  shifted  in  a  linear  fashion  to  the  increment  mid¬ 
point.  With  the  data  aligned  at  common  levels  the  mean  and  stand¬ 
ard  deviation  of  the  measured  cross  sections  were  computed  for 
each  level  and  plotted  against  the  theoretical  cross  section  level 
(the  increment  mid-point).  If  there  were  no  calibration  errors 
present  the  mean  values  would  all  lie  along  the  45-degree  lines 
on  the  figures.  Hence,  the  displacement  of  a  mean  value  from  a 
45-degree  line  should  be  a  measure  of  the  calibration  error  to  be 
expected  at  that  cross  section  level. 

Figures  56  and  57  represent  the  results  for  both  polarizations 
frcna  an  experiment  designed  to  demonstrate  the  accuracy  that  is 
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obtainable  using  spheres  available  at  the  RAT  SCAT  Site.  In  addi¬ 
tion,  the  experiment  was  designed  to  investigate  the  calibration 
error  problem  at  low  cross  section  levels.  It  consisted  of  the 
following  procedure  for  the  range  of  cross  section  levels  shown  on 
the  figures.  The  cross  section  of  a  carefully  measured  sphere 
mounted  atop  the  center  of  a  tuned  Styrofoam  support  column  was  re¬ 
corded  as  the  target  was  rotated  through  360  degrees  of  azimuth. 
Also,  the  frequency  of  the  illumination  was  carefully  measured. 

The  sphere  was  then  rotated  90  degrees  about  a  horizontal  axis  and 
tiie  cross  section  measurement  was  repeated.  Similar  measurements 
were  made  with  the  sphere  translated  vertically  a  distance  of  A/4 
from  its  initial  position,  and  with  the  sphere  translated  horizon¬ 
tally  a  distance  of  A/4  from  the  second  position. 

The  above  steps  were  intended  to  detect  the  following: 

1.  Calibration  error 

2.  Effects  of  asphericity 

3.  Effects  of  extraneous  illumination 

4.  Effects  of  background  noise. 

Except  for  the  lowest  cross  section  level  investigated  (-28.0 
dbsm)  all  of  the  measured  data  for  a  particular  sphere  correspond¬ 
ed  with  one  another  to  within  less  than  the  system  resolution 
(0.1  db) .  In  the  case  of  the  lowest  cross  section  the  A/4  hori¬ 
zontal  shift  revealed  that  the  support  column  return  had  been  pre¬ 
viously  adding  in  phase  with  the  sphere  return  to  produce  a  0.5 
db  error  in  the  recorded  cross  section.  The  data  plotted  on  Fig¬ 
ures  56  and  57  are  the  actual  measured  values  of  sphere  cross  sec¬ 
tion  versus  the  theoretical  values  of  sphere  cross  section.  It 
should  be  noted  that  on  none  of  the  above  figures  does  the  refer¬ 
ence  level  used  for  the  measurements  appear. 

Instrumentation  Error 


Receiver  Noise 


The  presence  of  receiver  noise  or  incoherent  noise  in  the 
measurement  system  perturbs  the  measured  data  and  is  an  error 
source.  As  indicated  previously,  this  noise  has  inherently  been 
considered  in  the  background  error  analysis  of  Section  3.  If  it 
were  possible  to  isolate  the  incoherent  noise  from  the  coherent 
noise  in  an  experiment,  a  measure  of  the  error  due  to  each  could 
be  obtained.  The  total  error  would  consist  of  a  term  very  similar 
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to  the  randomly  varying  quantity  presented  in  Section  3  and  a 
term  due  to  the  incoherent  noise.  Because  the  incoherent  noise 
exhibits  the  property  of  randomly  varying  phase  it  can  be  con¬ 
sidered  to  add  power  wise  to  the  cross  section  return.  Hence, 
its  primary  effect  upon  the  total  error  (coherent  plus  incoher¬ 
ent)  will  be  a  shift  of  the  mean. 

Test  Results 


Shown  in  Table  1  are  values  of  the  mean  receiver  noise  level 
from  the  RAT  SCAT  Acceptance  Tests.  With  the  aid  of  this  table 
and  the  relationship  shown  in  Equation  31  the  shift  of  the  mean 
of  the  total  noise  error  due  to  incoherent  noise  can  be  computed. 

AE  =  lOlogio  I  1  -  10“®'^  (31) 


where 

AE  »  Eb  -  Ef 

Eb  *  mean  error  due  to  background  only  in  db 
E^  ■  mean  total  error  (Eb  of  Section  3)  in  db 
*  receiver  noise  in  dbsm 
“  target  level  in  dbsm. 

From  Table  1  it  can  be  seen  that  the  Band  6  receiver  noise  repre¬ 
sents  a  larger  fraction  of  the  mean  of  the  total  noise  (-AA.8  dbsm 
for  horizontal  polarization)  than  does  the  receiver  noise  of  any 
other  band;  hence,  it  represents  the  extreme  case.  For  a  reason¬ 
ably  low  target  level  (e.g.,  5  db  above  the  -A4.8  dbsm  mean)  the 
mean  of  the  total  error  due  to  noise  can  be  computed  as  1.2  db. 
Consequently,  it  can  be  shown  that  the  largest  deviation  of  the 
total  error  from  the  background  error,  excluding  receiver  noise, 
is  0.18  db.  This  result  follows  from  Equation  31. 


System  R)wer  Stability 

If  the  receiver  gain  or  transmitter  power  changes  during  the 
time  a  particular  measurement  is  being  made,  the  measurement  may 
be  in  error.  Likewise,  if  the  gain  or  power  changes  during  the 
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Table  1  MEAN  NOISE  LEVELS  FOR  THE  CASES  OF 


time  a  sequence  of  measurements  are  being  made,  the  Individual 
measurements  cannot  be  directly  compared  with  one  another.  Test 
results  concerning  power  stability  of  the  equipment  at  the  RAT 
SCAT  Site  are  presented  in  this  section. 

Shown  in  Table  2  is  an  array  of  samples  that  were  randomly 
selected  from  the  results  of  a  RAT  SCAT  Power  Stability  Qualifi¬ 
cation  Test.  The  test  consisted  of  samplir.g  the  Band  4  receiver 
output  at  a  uniform  rate  during  a  6-hour  period  of  continuous  op¬ 
eration.  The  system  was  operating  in  a  closed  loop  manner  in 
that  the  transmitter  output  was  coupled  to  the  receiver  input 
through  an  attenuator.  On  the  basis  of  a  random  sample  of  the 
data  from  this  test  the  power  level  remained  at  the  original  value 
of  48.9  db  to  within  a  tolerance  of  H^.l  db. 

Table  2  RELATIVE  POWER  LEVELS  RANDOMLY 

CHOSEN  FROM  POWER  STABILITY  TEST 


48.9 

48.9 

49.0 

48.9 

49.0 

48.9 

49.0 

48.9 

48.9 

48.9 

48.9 

48.9 

48.9 

48.9 

48.9 

48.8 

48.9 

48.9 

48.9 

49.0 

48.9 

/:!8.9 

49.0 

48.9 

48.9 

48.9 

48.9 

48.9 

49.0 

49.0 

48.9 

48.9 

48.9 

48.9 

48.8 

48.9 

48.9 

49.0 

48.9 

48.9 

^9.0 

48.9 

48.9 

48.9 

49.0 

48.9 

48.9 

48.9 

48.9 

48.9 

C,y ojii  Frec^uen.y  3tnhi  1 1ty 

Because  the  radar  cross  section  of  a  target  is  normally  a  func 
tion  of  frequency  any  change  in  frequency  during  a  measxirement  will 
perturb  the  return  and  thus  introduce  error.  The  nature  of  the 
equipments  involved  in  the  generation  and  processing  of  the  illumi¬ 
nation  energy  are  such  that  a  certain  amount  of  frequency  instabil¬ 
ity  is  to  be  expected. 

Frequency  stability  measurements  from  the  RAT  SCAT  Qualifica¬ 
tion  Tests  are  shown  in  Figures  58  through  61.  These  tests  provide 
an  indication  of  the  deviation  of  the  transmitter  frequency  from 
its  original  frequency  as  operation  time  increases.  In  the  worst 
case  (Band  6)  the  maxiimim  variation  was  0.067  percent  of  the  orig¬ 
inal  frequency. 
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If  the  receiver  tends  to  process  any  level  of  radar  return 
differently  than  any  other  level  within  the  dynamic  range  of  the 
equipment,  a  source  of  error  is  present.  Specifically,  a  given 
change  in  the  input  signal  level  to  the  receiver  must  result  in 
the  same  relative  change  in  the  output  signal  level  of  the  re¬ 
ceiver  . 

Shown  in  Figures  62  through  65  are  the  results  of  receiver 
linearity  checks  from  the  RAT  SCAT  Acceptance  Tests.  The  tests 
were  carried  out  by  inserting  a  known  amount  of  attenuation  into 
the  line  in  front  of  the  receiver  and  observing  the  resultant 
change  in  the  receiver  output.  From  the  figures  it  is  apparent 
that  in  the  worst  case  the  output  increment  differs  from  the  in¬ 
put  increment  by  less  than  0.5  db. 

Summary 

On  the  basis  of  the  above  test  results  the  following  conclu¬ 
sions  can  be  drawn  with  regard  to  the  calibration  and  instrumen¬ 
tation  errors  of  the  equipment  used  to  make  radar  cross  section 
measurements  at  the  RAT  SCAT  facility s 

1.  Calibration  error  at  cross  section  levels  above  -25  dbsm 
can  be  reduced  to  the  point  of  being  inconsequential  if 
tuned  support  columns  are  employed  and  precision  is  used 
in  the  calibration  process. 

2.  Calibration  error  at  cross  section  levels  below  -25  dbsm 
can  be  greatly  reduced  by  the  method  discussed. 

3.  The  error  due  to  receiver  noise  was  included  in  the 
background  error  analysis,  but,  in  general,  the  error  is 
very  small  in  comparison  to  the  error  due  to  coherent 
noise . 

4.  Erroi s  due  to  system  power  drift,  frequency  drift,  and 
receiver  nonlinearity  are  inconsequential  in  comparison 
to  other  error  sources  that  have  been  considered. 
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Fig.  64  BAND  6  LINEARITY  CHECR 
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SECTION  6 


SUMMARY  AND  EXTENSION  OF 

ERROR  INVESTIGATIONS  ' 

1 


When  the  measurement  conditions  are  controlled  as  discussed 
in  Section  5,  errors  due  to  calibration  and  instrumentation  may 
be  reduced  to  negligible  amounts. 

The  results  of  the  investigation  concerning  extraneous  illum¬ 
ination,  discussed  in  Section  4,  indicate  that  except  for  those 
cases  where  the  side  lobes  of  a  target  are  of  interest,  errors  due 
to  extraneous  illumination  are  of  little  concern  if  RAM  is  used  to 
cover  the  rotator  and  edge  of  the  pit. 

To  summarize  the  results  of  the  near  field  and  background 
error  investigations  it  is  expedient  to  group  targets  into  three 
nominally  separate  classes.  The  first  of  these  is  the  class  com¬ 
posed  of  geometrically  large  targets,  i.e.,  the  targets  for  which 
the  primary  contributor  to  cross  section  measurement  error  is 
field  curvature.  Targets  which  exhibit  a  low  radar  cross  section 
characterize  members  of  the  second  class  of  targets;  i.e.,  those 
targets  for  which  the  primary  contributor  to  cross  section  meas¬ 
urement  error  is  background  noise.  The  third  class  of  targets 
are  those  that  exhibit  characteristics  between  the  two  extremes 
defined  above.  This  group  of  targets  would  be  characterized  by 
radar  cross  section  measurement  errors  due  to  both  near  field  ef¬ 
fects  and  to  background  noise. 

For  large  targets  the  results  shown  in  Section  2  are  approp¬ 
riate.  Specifically,  the  results  of  the  investigation  indicate 
that  the  following  models  provide  reasonable  approximations  of 
the  measuring  fields  and  near  field  error  to  be  expected  at  the 
RAT  SCAT  Site: 

1.  The  expressions  for  amplitude  and  phase  in  the  horizontal 
and  vertical  planes  given  in  Section  2 

2.  The  one- dimensional  error  models  given  in  Equations  6 
and  9 

3.  The  two-dimensional  error  model  described  in  Figure  30. 

For  low  cross  section  targets  the  results  presented  in  Sec¬ 
tion  3  provide  a  means  for  determining  the  expected  error  due  to 
background  for  the  case  of  tuned  columns.  Figure  46  provides 
this  estimate  for  a  given  target  level  and  D/x  parameter  where  D 
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is  the  diameter  of  the  Styrofoam  target  support.  The  reader  is 
cautioned,  however,  that  the  analysis  of  Section  3  depends  upon 
the  assumption  of  a  uniform  distribution  for  the  relative  phase 
between  the  target  and  the  background  return.  For  example,  the 
phase  between  a  particular  target  and  the  background  could  be  a 
constant.  The  worst  case  error  shown  on  the  figures  does  not  de¬ 
pend  upon  this  assumption. 

To  consider  the  remaining  class  of  targets  a  combination  of 
previous  results  provide  a  means  whereby  the  cross  section  meas¬ 
urement  errors  due  to  both  near  field  effects  and  background 
noise  can  be  considered.  The  parameter  linking  these  two  types 
of  errors  is  vertical  target  size.  With  the  aio  of  Equation  5 
a  more  general  expression  can  be  written  for  the  verticci  plane 
near  field  error  model.  This  expression  is  given  in  Equation  32. 
liquation  5  has  been  generalized  in  the  sense  that  account  has 
been  taken  of  the  fact  that  target  center  does  not  have  to  coin¬ 
cide  with  the  center  of  the  first  lobe  of  the  antenna  pattern. 
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where 

RA 

^b  “  ^TThg 

h^  =  column  height 

Dy  =  characteristic  vertical  target  dimension. 


(32) 


Because  the  target  center  (calibration  point)  may  now  take  on 
positions  other  than  the  peak  of  the  lobe,  the  illuminating  field 
cannot  be  considered  symmetric  about  the  center  of  the  target. 


The  manner  in  which  the  mean  cross  section  of  a  tuned  Styro¬ 
foam  support  column  varies  as  the  parameter  D/a  varies  is  illu¬ 
strated  in  Figure  A5.  The  data  presented  in  Figure  A5  indicated 
that  the  cross  section  of  a  tuned  column  (for  the  case  of  the  uni¬ 
form  illumination)  is  proportional  to  (D/ A  as  predicted  in 
Reference  A.  If  account  is  taken  of  the  fact  that  the  illumina¬ 
tion  is  not  uniform,  then  the  return  per  unit  length  of  support 
column  should  be  weighted  appropriately.  Formally  this  can  be 
written  as  in  Equation  33,  where  the  mean  noise  is  expressed 
in  dbsm. 
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where 

Cf  =  constant  of  proportionality 

d/a  =  column  diameter/wavelength  ratio 

Here  also  the  right  hand  side  has  been  normalized  by  the  illumina¬ 
tion  level  at  target  center.  With  this  equation  and  an  estimate 
of  the  target  level,  the  worst  case  background  error  (based  upon 
the  mean  background  noise)  can  be  written  in  db. 


^c  *  ^®8l0  "  l/%/  ^t^  ’ 


where 

cr^  =  target  level  in  dbsm. 

An  estimate  of  error  due  to  both  background  and  near  field  effects 
can  be  obtained  by  observing  error  terms  of  Equations  32  and  33 
as  a  function  of  target  dimension  Dy.  For  illustrative  purposes 
plots  of  the  two  error  values  versus  the  target  dimension  Dy  are 
shown  in  Figure  66  for  a  particular  case.  The  calculations  were 
based  upon  the  target  center  being  located  at  the  peak  of  the  lobe. 
The  range  parameters  for  the  particular  case  shown  are  noted  on 
the  figure.  The  constant  of  proportionality  used  for  the  £alcula- 
tion  (Cf  ■  3.65  x  10"^)  was  based  upon  measured  values  of  from 
the  background  error  investigation  of  Section  3.  Inspection  of 
Figure  66  indicates,  for  the  particular  case  used,  the  range  of 
target  vertical  dimension  for  which  both  near  field  errors  and 
background  errors  are  negligible.  The  target  used  to  compute 
cross  section  used  in  Equation  34  as  a  function  of  vertical  dimen¬ 
sion  Dy  was  a  5-inch  diameter  cylinder. 
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